We study cosmic-ray anomaly observed by PAMELA based on E6 inspired extra U(1) model with S4 × Z2 flavor symmetry. In our model, the lightest flavon has very long lifetime of O(10 18 ) second which is longer than the age of the universe, but not long enough to explain the PAMELA result ∼ O(10 26 ) sec. Such a situation could be avoidable by considering that the flavon is not the dominant component of dark matters and the dominant one is the lightest neutralino. With appropriate parameter set, density parameter of dark matter and over-abundance of positron flux in cosmic-ray are realized at the same time. There is interesting correlation between spectrum of positron flux and VMNS. No excess of antiproton in cosmic-ray suggests that sfermions are heavier than 4 TeV and the masses of the light Higgs bosons are degenerated.
Introduction
Standard Model (SM) is successful theory of gauge interactions, however Higgs sector is not examined well. Therefore mass matrices of leptons and quarks are not well understood. Many unsolved puzzles of SM are left in these sectors; that is, e.g., why is the structure of mixing matrix of leptons (Maki-Nakagawa-Sakata matrix, V MN S ) very different from that of the mixing matrix of quarks (Cabibbo-Kobayashi-Maskawa matrix, V CKM ), especially why is the mixing angle θ 23 maximal? Why is neutrino mass far smaller than those of other fermions? Why do generations exist?
We also find a problem in cosmology. In modern cosmology, the existence of the dark matter is clear. Recent cosmic-ray observation of PAMELA suggests that the dark matter decays mainly into leptons with very long lifetime [1] [2] [3] . Such a particle is not included in SM.
Separately from these puzzles, there is hierarchy problem why electroweak scale is much smaller than Planck scale. One of the solutions is to introduce supersymmetry (SUSY) [5] . However minimal supersymmetric standard model (MSSM) does not satisfy the solution, because we must fine-tune µ-parameter in superpotential of MSSM, which is much smaller than Planck scale in order to realize appropriate electroweak symmetry breaking. This is called µ-problem.
Another problem of MSSM is proton stability. The R-parity forbids baryon number violating trilinear terms in superptential, however does not forbid quartic terms like E c U c U c D c , LQQQ. Such interactions reduce the lifetime of proton to unacceptable level [6] . Therefore the R-parity does not help the explanation of proton stability. The problem of proton lifetime of supersymmetric model is one of the most essential point in understanding generation structure.
With the motivation to solve flavor puzzles and hierarchy problem, we introduce new three symmetries. At first, we introduce non-Abelian discrete flavor symmetry S 4 × Z 2 , in order to explain that the mixing angle θ 23 is maximal [7] [8] [9] [10] [11] . Because V CKM and V MN S are very different, it is expected that the representations of quarks and leptons are also different. Next, we introduce U (1) X gauge symmetry which forbids µ-term [12] . Then, several new superfields must be introduced due to gauge anomaly cancellation condition; those are extra Higgs (H U , H D ), singlet Higgs S and exotic quarks (g, g c ). The extra Higgs bosons couple only to leptons, which induce the difference between V CKM and V MN S . Moreover, the existence of exotic quarks is important to understand the meaning of generations. Finally we introduce U (1) Z gauge symmetry. Due to the anomaly cancellation condition, right-handed neutrino (RHN) superfield N c is introduced, then the smallness of neutrino mass is realized by seesaw mechanism. The two new U (1) gauge symmetries and standard model gauge symmetry G SM = SU (3) c × SU (2) W × U (1) Y can be embedded in E 6 as G SM × U (1) X × U (1) Z ⊂ E 6 , then MSSM and new superfields consist 27 of E 6 representation. With appropriate assignment of superfields under the flavor symmetry, the stability of proton is realized, which plays the most important role in the flavor symmetry. Thus we can understand that the generation structure is the new system to stabilize proton [8] .
The new symmetries which are introduced above may also solve dark matter problems. As three U (1) gauge symmetries include R-parity, lightest supersymmetric particle (LSP) is a candidate for dark matter. The positron flux observed by PAMELA is produced by the field which induces RHN mass and decays into leptons [13] . In this paper, we show our model is consistent with experimental results of dark matter. At first, we define our model in section 2. The estimations of relic abundance of dark matter and positron flux are given in section 3. Finally, we give conclusion of our analysis in section 4.
2 S 4 × Z 2 flavor symmetric extra U(1) model 2.1 Gauge symmetry 
remains unbroken, LSP is the candidate for dark matter. The invariant superpotential under the gauge symmetry G 2 is given by
where first line consists of trilinear terms in MSSM. Second line generates effective µ term λ S H U H D by radiative symmetry breaking of U (1) X . Third line generates RHN mass term Y N Φ N c N c by radiative symmetry breaking of U (1) Z and gives small neutrino mass by seesaw mechanism. Fourth line consists of unwanted terms which cause the problems such that the mass term M Φ ΦΦ c prevents Φ, Φ c from developing vacuum expectation values (VEVs) and the trilinear terms of exotic quarks destabilize proton. Note that Higgs superfields are extended to three generations. Generally, extra Higgs doublets cause the problem of flavor changing neutral currents (FCNCs).
and those of neutrinos are given by
From Eq. (19) and Eq. (21), we obtain the MNS matrix as follows
where
Here it is worth mentioning that the lower bound of (0.04 <)θ 13 was shown by the recent experiment reported by T2K [15] at 90 % C.L., which could give a severe test to our model near future. From the experimental bound [18] , we impose the condition
on the parameters, then the phase φ is given by
Fixing the VEVs as
and assume exotic quark mass as
in order to forbid the decay of lightest flavon into exotic quark pair. Then we fix the values of Yukawa coupling constants as
Higgs sector
Higgs potential is given as follows,
where we can define λ 1, 3, 4, 5 to be real without loss of generality, and we assume all the soft SUSY breaking parameters are real to avoid complex VEVs. he soft S 4 × Z 2 breaking terms; m • . This potential has S 2 symmetry such as
Minimizing this potential, we get mass matrices of Higgs bosons. The results are given in appendix A. In the same manner, we add soft S 4 × Z 2 breaking terms in flavon sector to avoid domain wall problem [20] 1 .
Dark Matter
Here we show that our model is consistent with cosmic-ray observation of PAMELA. Decaying dark matter scenarios with Non-Abelian discrete flavor symmetries have been done by Ref. [16] .
LF decay width
We assume that the candidate for decaying dark matter is the lightest flavon (LF). In the six flavon superfields; Φ a , Φ c a (a = 1, 2, 3), only one linear combination is super-heavy and the other five superfields have TeV scale masses. As LF cannot decay into other flavons, it has very long lifetime. Due to the non-renormalizable interactions with light particles, LF becomes unstable dark matter. Among the interactions, the source term of RHN mass
is the unique interaction to emit leptons without emitting quarks [21] , where v is VEV of H U . We estimate the positron flux using this interaction. Due to the factor 1/v, the Higgs which develops the smallest VEV gives the largest contribution to LF decay. Therefore we can neglect the contribution from H U 3 , because v u ≪ v ′ u as one can see from Eq. (26) . This effect is impotant to suppress weak boson emission. Due to the enhancement factor m LF /v u , LF decay width is dominated by 4-body decay as follows
From the spectrum of positron flux observed by PAMELA, we assume
If we assume all sfermions which couple to LF are heavier than 4TeV, the other interactions do not contribute to LF decay. The interactions which contribute to LF decay is given as follows
where ǫ is the flavon mixing parameter which is defined by
where φ LF is LF field. Using Eq. (47)- (49), the LF decay widths are given as follows
where we classify the final states only by charged lepton flavor e, µ, τ . The rates of lepton flavor emitted by LF decay are given by p e = 9 + 8r
Anti-lepton flux depends on Majorana phase φ through Eq. (25), such as e-dominant for r < 1 and (µ, τ )-dominant for r > 1 (see Fig. 1 ). For each parameter set, LF lifetime is estimated as follows
Hereafter we assume ǫ < 10 −3 to avoid extinction of LF. 
Relic Abundance of LF
At early stage of the universe, flavon multiplets are produced through U (1) Z gauge interaction [13] . Since we assume that reheating temperature is low enough to avoid gravitino over-production as T RH < 10 7 GeV [22] , this interaction is never thermal equiliburium. Therefore we assume non-thermal production of flavons and boundary condition n LF (T RH ) = 0.
For the chiral multiplets (ψ L , Ψ), U (1) Z gauge interaction is given by
from which we calculate production cross sections of flavon multiplets (φ, Φ). From Eq. (13), the U (1) Z gauge boson mass is nearly equal to 16g z V . As all produced flavon multiplets decay into LF finally, LF number density is given by
where 5 is the number of light flavon superfields, n Φ , n φ are number density of one flavon multiplet and N LF ∼ O (1) is LF production rate which means how many LFs are produced per one degree of freedom of flavon multiplets. The Boltzmann equation for n LF is given bẏ
from which we get
where [18] 
For T RH < 10 7 GeV, LF does not dominate dark matter (Ω LF h 2 ≪ Ω DM h 2 = 0.11), thus other dark matter should be considered as we will discuss later. Such multi-component dark matter is discussed in [26] . Although the number density is very low, the short lifetime of LF enables us to explain cosmic-ray observation. The effective lifetime of LF is defined as
and the following values are obtained for each parameter set
Eq. (67) and Eq.(68) are satisfied for example, if we put
The positron flux from the decay of LF is calculated as
where v e + is the velocity of the positron, G e + is the Green's fuction which is expressed in [3] , p ℓ is expressed in Eq.(57) and dN ℓ e + /dE ′ is the fragmentation function produced from the decay of ℓ to e + . The fragmentation function is calculated by using the event generator pythia [27] and the result is shown in Fig.2 . We can evalutate the positron flux from the decay of LF by using the fragmentation function. The results for each parameter set A and B are shown in Fig.3 Figure 2 : The fragmentation function calculated by pythia for parameter set A (left) and B (right).
From the gamma-ray observations [4] , the constraint for τ -flux is given by 
As the parameter set B is severe to satisfy Eq.(70), small r model is favored. This is the new information about neurtino sector extarcted by cosmic-ray observations.
Higgs decay width
No excess of anti-proton flux in cosmic-ray constrains the species of the particles emitted by LF decay [23] .
As the weak boson Z, W ± and the chargino decay mainly into quarks, LF should not decay into these particles so much. The weak boson emission is suppressed by factor (v u /m LF ) 2 and the chargino emission channel is kinematically closed for heavy sfermion scenario. In order to forbid the weak boson and the chargino emission from Higgs boson decay, we assume light Higgs scenario.
In the Higgs potential Eqs. (38)- (42) and mass terms of the neutralinos and the charginos
we assume the parameters as follows
Mass matrices of neutralinos and charginos are given in appendix A and the values of mass eigenvalues and mixing matrices are given in appendix B. We consider only the mass eigenstates which dominate H U 1,2 such as
where φ
′ are S 2 -odd and the others are even. As S 2 forbids interaction φ
As the masses of these Higgs bosons are well degenerated, they do not emit weak bosons or charginos.
The neutralinos into which these Higgs bosons can decay are two singlino dominant neutralinos
where η 
are given as follows
where Γ 2d is 2-body decay width of scalar. The interactions with the neutralinos η
give
Γ(ρ
which dominate the decay widths of φ
. The decay widths of (H
are given by
From these estimations, (H ± 3 ) ′ decay gives dominant contribution to anti-proton flux. As one charged lepton emission from LF decay accommodates one charged Higgs emission at even rate of (H 
For each parameter sets, we get A : τ quark = 1.6 × 10 27 sec,
B : τ quark = 1.9 × 10 27 sec,
from which the spectrum of anti-proton flux is given in Fig. 4 . There is no inconsistency in anti-proton flux. 
These interactions give dominant contribution to annihilation of η
, the contributions Z → ηη to Z-decay width is negligible. Therefore LEP bound m ≥ 46GeV is not imposed on η
The relic abundance of the neutralino is calculated by the formula
where m 1 = 41.92GeV, m 4 = 44.55GeV,
c f is color factor such as c f = 1 for SU c (3) singlet, c f = 3 for triplet, and m Z = 91.2 GeV. For the approximation m f /m i = 0, these coefficients are given by
The relic abundance of η ′ 1 is given by g * = 75.75, x F = 22.32,
and that of η 
As η ′ 4 is converted into η ′ 1 , relic abundance of LSP is given by
which realizes density parameter of dark matter.
Conclusion
We have considered dark matter based on S 4 × Z 2 flavor symmetric extra U(1) model. The results are as follows. There exists appropriate parameter set to realize relic abundance of dark matter and positron flux observed by PAMELA at the same time. The dominant component of dark matter is LSP and the origin of positron flux is given by the decay of LF which generates the mass of RHN. There is deep connection between PAMELA observation and neutrino mass. The long life time of LF results in large RHN mass and the spectrum of positron flux depend on Majorana phase φ in V MN S . Therefore, cosmic-ray observation gives new information about the structure of neutrino mass matrix. From the fact that there is no excess of anti-proton flux in cosmic-ray, we can guess about the particle spectrum. As sfermions can decay into quarks, weak boson and charginos, LF must not decay into those particles, which sugests sfermions are heavier than 4TeV. Although this is also favorable from the viewpoint of the FCNC constraints, experimental verification becomes difficult. However experimantal verification of our scenario is not imposssible. From the fact that Higgs does not decay into weak boson or charginos, we can expect that Higgs boson is light and degenerated, therefore the examination of the mass spectrum of Higgs boson is possible.
A Mass matrices

Neutral CP even Higgs boson
H U a ⊃ φ U,a √ 2 , H D a ⊃ φ D,a √ 2 , S a ⊃ φ S,a √ 2 (a = 1, 2, 3), −L ⊃ 1 2 φ i M 2 ij φ j , φ i =   φ U,a φ D,a φ S,a   , (i, j = 1, 2, · · · , 9), M 2 1,1 = M 2 2,2 = √ 2m 2 BU (v ′ u /v u ) + λ 1 A 1 v ′ s (v d /v u ) + λ 5 A 5 v s (v ′ d /v u ) − λ 2 1 v 2 d /2 − λ 2 5 v 2 s /2 − [(λ 1 λ 4 + λ 3 λ 5 )v s v ′ s + (λ 4 λ 5 + λ 1 λ 3 )v ′ d v d ] (v ′ u /v u ) + 1 4 (g 2 Y + g 2 2 ) + 4g 2 x v 2 u , M 2 1,2 = λ 2 5 v 2 s /2 + λ 2 1 v 2 d /2 + 1 4 (g 2 Y + g 2 2 ) + 4g 2 x v 2 u , M 2 1,3 = M 2 2,3 = −m 2 BU + [(λ 1 λ 4 + λ 3 λ 5 )v ′ s v s + (λ 4 λ 5 + λ 1 λ 3 )v d v ′ d ]/ √ 2 + √ 2 1 4 (g 2 Y + g 2 2 ) + 4g 2 x v u v ′ u , M 2 3,3 = √ 2m 2 BU (v u /v ′ u ) + λ 3 A 3 v ′ s (v ′ d /v ′ u ) + λ 4 A 4 v s (v d /v ′ u ) − [(λ 1 λ 4 + λ 3 λ 5 )v s v ′ s + (λ 4 λ 5 + λ 1 λ 3 )v ′ d v d ] (v u /v ′ u ) + 2 1 4 (g 2 Y + g 2 2 ) + 4g 2 x (v ′ u ) 2 , M 2 4,4 = M 2 5,5 = √ 2m 2 BD (v ′ d /v d ) + λ 1 A 1 v ′ s (v u /v d ) + λ 4 A 4 v s (v ′ u /v d ) − λ 2 1 v 2 u /2 − λ 2 4 v 2 s /2 − [(λ 1 λ 5 + λ 3 λ 4 )v s v ′ s + (λ 4 λ 5 + λ 1 λ 3 )v ′ u v u ] (v ′ d /v d ) + v 2 d 1 4 (g 2 Y + g 2 2 ) + 9g 2 x , M 2 4,5 = λ 2 4 v 2 s /2 + λ 2 1 v 2 u /2 + 1 4 (g 2 Y + g 2 2 ) + 9g 2 x v 2 d , M 2 4,6 = M 2 5,6 = −m 2 BD + [(λ 1 λ 5 + λ 3 λ 4 )v ′ s v s + (λ 4 λ 5 + λ 1 λ 3 )v u v ′ u ]/ √ 2 + √ 2 1 4 (g 2 Y + g 2 2 ) + 9g 2 x v d v ′ d , M 2 6,6 = √ 2m 2 BD (v d /v ′ d ) + λ 3 A 3 v ′ s (v ′ u /v ′ d ) + λ 5 A 5 v s (v u /v ′ d ) − [(λ 1 λ 5 + λ 3 λ 4 )v s v ′ s + (λ 4 λ 5 + λ 1 λ 3 )v ′ u v u ] (v d /v ′ d ) + 2 1 4 (g 2 Y + g 2 2 ) + 9g 2 x (v ′ d ) 2 , M 2 7,7 = M 2 8,8 = √ 2m 2 BS (v ′ s /v s ) + λ 4 A 4 (v ′ u v d /v s ) + λ 5 A 5 (v u v ′ d /v s ) − λ 2 4 v 2 d /2 − λ 2 5 v 2 u /2 − [(λ 1 λ 5 + λ 3 λ 4 )v d v ′ d + (λ 1 λ 4 + λ 3 λ 5 )v ′ u v u ] (v ′ s /v s ) + 25g 2 x v 2 s , M 2 7,8 = λ 2 4 v 2 d /2 + λ 2 5 v 2 u /2 + 25g 2 x v 2 s , M 2 7,9 = M 2 8,9 = −m 2 BS + [(λ 1 λ 5 + λ 3 λ 4 )v ′ d v d + (λ 1 λ 4 + λ 3 λ 5 )v u v ′ u ]/ √ 2 + √ 2 25g 2 x v s v ′ s , M 2 9,9 = √ 2m 2 BS (v s /v ′ s ) + λ 1 A 1 (v u v d /v ′ s ) + λ 3 A 3 (v ′ u v ′ d /v ′ s ) − [(λ 1 λ 5 + λ 3 λ 4 )v d v ′ d + (λ 1 λ 4 + λ 3 λ 5 )v ′ u v u ] (v s /v ′ s ) + 2 25g 2 x (v ′ s ) 2 , M 2 1,4 = M 2 2,5 = −λ 1 A 1 v ′ s + 3λ 2 1 v u v d /2 + (λ 4 λ 5 + λ 1 λ 3 )v ′ u v ′ d + − 1 4 (g 2 Y + g 2 2 ) + 6g 2 x v u v d , M 2 1,5 = M 2 2,4 = λ 2 1 v u v d /2 + − 1 4 (g 2 Y + g 2 2 ) + 6g 2 x v u v d , M 2 1,6 = M 2 2,6 = −λ 5 A 5 v s / √ 2 + √ 2λ 2 5 v u v ′ d + (λ 4 λ 5 + λ 1 λ 3 )v ′ u v d / √ 2 + √ 2 − 1 4 (g 2 Y + g 2 2 ) + 6g 2 x v u v ′ d , M 2 3,4 = M 2 3,5 = −λ 4 A 4 v s / √ 2 + √ 2λ 2 4 v ′ u v d + (λ 4 λ 5 + λ 1 λ 3 )v u v ′ d / √ 2 + √ 2 − 1 4 (g 2 Y + g 2 2 ) + 6g 2 x v ′ u v d , M 2 3,6 = −λ 3 A 3 v ′ s + 2λ 2 3 v ′ u v ′ d + (λ 1 λ 3 + λ 4 λ 5 )v u v d + 2 − 1 4 (g 2 Y + g 2 2 ) + 6g 2 x v ′ u v ′ d , M 2 1,7 = M 2 2,8 = −λ 5 A 5 v ′ d + 3λ 2 5 v u v s /2 + (λ 1 λ 4 + λ 3 λ 5 )v ′ u v ′ s + −10g 2 x v u v s , M 2 1,8 = M 2 2,7 = λ 2 5 v u v s /2 + −10g 2 x v u v s , M 2 1,9 = M 2 2,9 = −λ 1 A 1 v d / √ 2 + √ 2λ 2 1 v u v ′ s + (λ 1 λ 4 + λ 3 λ 5 )v ′ u v s / √ 2 + √ 2 −10g 2 x v u v ′ s , M 2 3,7 = M 2 3,8 = −λ 4 A 4 v d / √ 2 + √ 2λ 2 4 v ′ u v s + (λ 1 λ 4 + λ 3 λ 5 )v u v ′ s / √ 2 + √ 2 −10g 2 x v ′ u v s , M 2 3,9 = −λ 3 A 3 v ′ d + 2λ 2 3 v ′ u v ′ s + (λ 1 λ 4 + λ 3 λ 5 )v u v s + 2 −10g 2 x v ′ u v ′ s , M 2 4,7 = M 2 5,8 = −λ 4 A 4 v ′ u + 3λ 2 4 v d v s /2 + (λ 1 λ 5 + λ 3 λ 4 )v ′ d v ′ s + −15g 2 x v d v s , M 2 4,8 = M 2 5,7 = λ 2 4 v d v s /2 + −15g 2 x v d v s , M 2 4,9 = M 2 5,9 = −λ 1 A 1 v u / √ 2 + √ 2λ 2 1 v d v ′ s + (λ 1 λ 5 + λ 3 λ 4 )v ′ d v s / √ 2 + √ 2 −15g 2 x v d v ′ s , M 2 6,7 = M 2 6,8 = −λ 5 A 5 v u / √ 2 + √ 2λ 2 5 v ′ d v s + (λ 1 λ 5 + λ 3 λ 4 )v d v ′ s / √ 2 + √ 2 −15g 2 x v ′ d v s , M 2 6,9 = −λ 3 A 3 v ′ u + 2λ 2 3 v ′ d v ′ s + (λ 1 λ 5 + λ 3 λ 4 )v d v s + 2 −15g 2 x v ′ d v ′ s .(113)
Neutral CP odd Higgs boson
Charged Higgs boson
1-loop corrections to Higgs mass
In order to satisfy the experimental bound for the lightest neutral CP even Higgs boson mass, the contributions from 1-loop corrections are important [24] [25] . We add 1-loop contributions
to Higgs potentail.The dominant contributions are given by trilinear terms
. From the mass terms of squark and scalar g-quark
mass eigenvalues are given by
For simplicity, we assume
then Eq. (118) is rewritten by
As potential minimum condition is modified as
and we must add the terms
to the neutral CP-even Higgs boson mass. We fix renormalization point as
Neutral CP-even Higgs For Higgs bosons, the diagonalization matrices are defined as 
These mass eigenvalues are consistent with the experimental mass bounds [18] Charged Higgs : m ≥ 79.3GeV, ′ are Nambu-Goldstone boson which are eaten by gauge bosons.
C The lifetimes of exotic quarks
As the R-parities of exotic quarks are odd, at least there must be one sfermion which is lighter than exotic quarks, to make them unstable. Now we assume the right handed slepton E
